Since their discovery around a century ago, the structure and chemistry of the multi-functional half-Heusler semiconductors have been studied extensively as three component systems. The elemental groups constituting these ternary compounds with the nominal formula XYZ are well established. From the very same set of well-known elements we explore a phase space of quaternary double (X'X''Y2Z2, X2Y'Y''Z2, and X2Y2Z'Z''), triple (X2'X''Y3Z3) and quadruple (X3'X''Y4Z4) half-Heusler compositions which 10 times larger in size. Using a reliable, firstprinciples thermodynamics methodology on a selection of 347 novel compositions, we predict 127 new stable quaternary compounds, already more than the 89 reported almost exhaustively for ternary systems. Thermoelectric performance of the state-of-the-art ternary half-Heusler compounds are limited by their intrinsically high lattice thermal conductivity (κL). In comparison to ternary half-Heuslers, thermal transport in double half-Heuslers is dominated by low frequency phonon modes with smaller group velocities and limited by disorder scattering. The double half-Heusler composition Ti2FeNiSb2 was synthesized and confirmed to have a significantly lower lattice thermal conductivity (factor of 3 at room temperature) than TiCoSb, thereby providing a better starting point for thermoelectric efficiency optimization. We demonstrate a dependable strategy to assist the search for low thermal conductivity half-Heuslers and point towards a huge composition space for implementing it. Our findings can be extended for systematic discovery of other large families of multi-component intermetallic semiconductors.
Introduction
Multi-component phase spaces of intermetallic systems are mostly being explored for high-entropy metallic alloys [1] [2] [3] with impressive mechanical properties. 4, 5 On the other hand, the search for complex functional semiconductors in intermetallic systems is not pursued as frequently due to (a) lack of well defined composition/ structure in a very large phase space and (b) lack of a well defined target application which could benefit from such compositional complexity. Relatively simpler intermetallic semiconductors however, such as the Half-Heusler compounds (nominal composition XYZ) have been known for around a century. 6 Unlike other well studied semiconductor families such as III-V, II-VI and their structural derivatives, The Z-site atoms belong to post transition metal p-block elements such as In, Sn, Bi etc (see Figure 1 a). 6 Thus, the chemistry of the half-Heusler structure has a lot of scope for compositional complexity.
In the last decade, the half-Heusler compounds have attracted significant research attention for their thermoelectrics properties. [8] [9] [10] [11] Despite their chemical similarities, different compounds within this class of materials exhibit very different electrical and thermal transport properties. The best thermometric performance is observed in NbFeSb, 12 TaFeSb 13 and ZrCoBi 14 for p-type, and TiNiSn 10, 15 for n-type transport due to key differences in their electronic structure.
In each of these cases however, the actual high performance compositions (Nb0.88Hf0.12FeSb, 12 Ta0.74V0.1Ti0.16FeSb, 13 ZrCoBi0.65Sb0.15Sn0. 20, 14 and Ti0.5Zr0.25Hf0.25NiSn0.998Sn0.002 10, 15 respectively) are significantly more complex than the simple XYZ composition primarily to reduce its large intrinsic lattice thermal conductivity (typically > 15 W/m-K at T = 300 K). 16 Such complex multi-component alloy compositions are also chosen sometimes to favorably modify electronic structure of the parent compound to enhance thermoelectric performance. 14 Hence, it is desirable to discover more complex quaternary semiconductor compounds with the same structure type and chemistry as half-Heusler compounds which form the basis of its high thermoelectric power factor, 17 but with possibly lower intrinsic lattice thermal conductivities. Further changes to such a starting composition would present a much larger phase space of quaternary compositions to aid tunability of thermoelectric properties. In addition, this class of functional semiconductors can also find use in other applications for which the ternary half-Heuslers are already being studied such as transparent conducting thin-films (e.g. TaIrGe 18 ), topological semi-metals (e.g. HfIrAs 19 ), and spintronics (e.g. V0.8+δCoSb 20, 21 ) etc. 6 Recent discovery of defective half-Heuslers such as Nb0.8CoSb [21] [22] [23] [24] emerging from a Zintl chemistry 9 understanding of the structure suggests that the number of actual half-Heusler compounds available may be much larger than the ones investigated previously. Within the framework of Zintl chemistry, the half-Heusler structure can be understood as a cation X , and Sb −3 in TiCoSb). 9 As the atom corresponding to each of the three sites can belong to one of many elemental groups (see Figure   1 a), the corresponding valence can take multiple values. 6 The degree-of-freedom in the choice of valence allows (see ). The Zintl valence balanced rule also form the basis of deterministic counting rules for ternary half-Heusler surfaces. 25 While this rule has been exploited extensively for ternary systems, it is in no way restricted to work only for three component systems.
Results and discussion
Consider the example of the pseudoternary TiFexCoyNi1−x−ySb (see Figure 1 have been studied rigorously either as experimental reports 13, 19, 26, 27 or first-principles thermodynamic predictions 13, 19, [26] [27] [28] . Compositions lying close to these semiconducting end members (see cyan region in Figure 1 
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The two NV ≠ 0 systems shown (Ti-Fe-Sb and Ti-Pt-Sb) are reported to form defective Heusler phases (TiFe1.5Sb and Ti0.75PtSb respectively) to attain a more stable electronic configuration. 24, 30 Possibly due to only one 'likely' (NV = 0) half-Heusler candidate among the three end-members of the pseudoternary, a large composition space lying in the middle have never been investigated previously (grey region in Figure 1c Going through the list of 127 predicted new compounds using experimental synthesis without well defined starting points can be quite daunting. To guide experimental efforts in initial choice of more likely compositions for laboratory discovery, we arrange (see color bar in Figure 3 ) the compounds according to their predicted stability determined by distance to the convex-Hull (ECH). Compounds represented with darker plus symbols in Figure 3 are predicted to be more stable.
We also classify the likelihood of a predicted quaternary half-Heusler to be depending on whether there are past experimental reports of the half-Heusler phase in associated NV ≠ 0 ternary systems (for example Ti-Fe-Sb and Ti-Pt-Sb for Ti2FePtSb2) or not. In this classification (see circles in Figure 3 ), we assume that if a half-Heusler phase is reported for an associated NV ≠ 0 ternary (for example Ti0.75+δPtSb 21, 24 for Ti2Pt2InSb or TiFe1.5Sb 30 for Ti2FePdSb2), it is stabilized by spontaneous formation of vacancies 24 or intersitials 30 in the equiatomic XYZ structure. In such a case, one might expect that substitutional defects in the ternary XYZ structure may also be likely to stabilize the quaternary half-Heusler phase. The likelihood for the formation of the quaternary half-Heusler phase based on this rationale increases depending on whether one (see thin circles in Figure 3 , for example Ti2FePdSb2) or both (see thick circles in Figure 3 , for example MgTiNi2Sb2) the associated NV = 0 ternaries have a half-Heusler phase reported for them. We caution that this classification based on past experimental reports may not be complete simply because associated NV = 0 systems are not studied as rigorously (9 and 8 reported compounds for NV = -1 and NV = 1 systems respectively) as the defect-free NV = 0 systems. Furthermore, these systems also form the halfHeusler phase at defective stoichiometries which might have been missed until recently. 24 We reiterate that the classification based on past experiments is done primarily to build confidence in our predictions and to help in the choice of initial compositions for laboratory synthesis.
Despite their impressive electrical properties, the thermoelectric performance of half-Heusler materials is typically limited by an intrinsically high lattice thermal conductivity (κL) associated with their stiff elastic properties. Unlike the low lattice thermal conductivity of common thermoelectric materials such as Bi0.4Sb1.6Te3 ( 1 W/m-K), the intrinsic lattice thermal ∼ conductivity of most well-known half-Heuslers is typically higher than > 15 W/m-K. For two materials with comparable bulk properties, such as debye temperature, average mass per unit cell, specific heat capacity and gruniesen parameter, the magnitude of lattice thermal conductivities (κL) depend primarily on the number of atoms in the primitive unit cell (N). In conclusion, we demonstrate that the number of known Heusler based semiconductors, despite its hundred years of history, may only be a small fraction of the actual number of stable compounds available from the same intermetallic chemistry. The previously unexplored semiconductor compositions can be conceived by choosing aliovalently substituted combinations which are Zintl valence balanced and predicted systematically using first principles thermodynamics for rapid laboratory discovery. From this strategy we discover quaternary (double, triple and quadruple) half-Heusler compounds with thermal conductivities intrinsically lower than traditional ternary half-Heuslers owing to their complex crystal chemistry. As a result, we significantly advance the decade long search for low thermal conductivity half-Heuslers without tampering with its underlying chemistry which forms the basis for their exciting properties suitable for thermoelectrics, spintronics, topological band structures and transparent conducting thin-films.
Methods Section
First-principles thermodynamics calculations: The density functional theory (DFT) calculations 47 in this study were performed using Vienna ab initio simulation package (VASP). 48 We have used Perdew-Burke-Ernzerhof (PBE) formulation of the exchange-correlation energy functional derived under a gradient-generalized approximation (GGA). 49 Plane-wave basis sets are truncated at energy cutoff of 315 eV, and a Γ-centered k-point meshes with a density of 8000 k-points per reciprocal atom (KPPRA) was used. All structures were relaxed with respect to cell vectors and their internal degrees of freedom until forces on all atoms were less than 0.1 eV nm −1 before calculating their formation enthalpies (Eform). The Open Quantum Materials Database (OQMD) 32, 33 was used for the convex hull construction to check for thermodynamic stability against all other known phases in the respective composition space. Lattice thermal conductivity calculations were performed assuming only the presence of three-phonon processes within an Umpklapp scattering mechanism.
50, 51
Synthesis and thermal conductivity measurements of double half-Heusler: The sample of Ti2FeNiSb2 was prepared using an arc melter using stoichiometric ratios of bulk Ti slugs (99.99%
Sigma-Aldrich), Fe lumps (99.99% Alpha Aesar), Ni slugs (99.99% Alpha Aesar), and Sb shot (99.999% Alpha Aesar). Starting elements were cut into small pieces and loaded into an edmundbuehler MAM-1 arc melter where they were melted together 5 times flipping in between each melt. The arc melted button was then pulverized using a in a stainless steel vial for one hour using a SPEX Sample Prep 800 Series Mixer/Mill. This powder was consolidated using an induction heated rapid hot-press under a flowing argon atmosphere within a 1/2 in diameter highdensity graphite die (POCO). This sample was then pressed at 1100 /textdegree C for one hour at a pressure of 45 MPa. Once pressed this sample was polished to remove excess graphite from its surface, sealed in an evacuated fused silca ampule, and annealed at 900 /textdegree C for one week.
Transmission XRD was performed on powder pulverized from the pellet using a Stoe STADI-MP x-ray diffractometer using CuKα radiation. Electronic transport measurements
were measured under dynamic high vacuum up to 875 K with a ramp speed of 75 K/h.
Resistivity and hall coefficient were measured concurrently using the Van Der Pauw technique with pressure-assisted molybdenum contacts equipped a 2 T magnet41. Thermal diffusivity measurements were taken with a Netzch LFA 457 under purged flowing argon up to 875K with a ramp speed of 75 K/h. Thermal conductivity was calculated estimating heat capacity with the Dulong-Petit law. Seebeck coefficient was measured under dynamic high vacuum up to 875 K with a homebuilt system using Chromel-Nb thermocouples 42. Lattice Thermal Conductivity was calculated by subtracting the electronic contribution from the calculated total thermal conductivity. The electronic portion of thermal conductivity was found using the Weidemann- 39 . Calculated phonon frequency dependence of (b) cumulative κL, (c) group velocities (vg), and (d) phonon-phonon scattering rates in the two compounds at T = 300 K. 
